Abstract Human immunodeficiency virus (HIV) and methamphetamine (METH) dependence are independently associated with neuronal dysfunction. The coupling between cerebral blood flow (CBF) and neuronal activity is the basis of many task-based functional neuroimaging techniques. We examined the interaction between HIV infection and a previous history of METH dependence on CBF within the lenticular nuclei (LN). Twenty-four HIV−/METH−, eight HIV−/METH+, 24 HIV+/METH−, and 15 HIV+/METH+ participants performed a finger tapping paradigm. A multiple regression analysis of covariance assessed associations and two-way interactions between CBF and HIV serostatus and/or previous history of METH dependence. HIV+ individuals had a trend towards a lower baseline CBF (−10%, p=0.07) and greater CBF changes for the functional task (+32%, p=0.01) than HIV− subjects. Individuals with a previous history of METH dependence had a lower baseline CBF (−16%, p= 0.007) and greater CBF changes for a functional task (+33%, p=0.02). However, no interaction existed between HIV serostatus and previous history of METH dependence for either baseline CBF (p=0.53) or CBF changes for a functional task (p=0.10). In addition, CBF and volume in the LN were not correlated. A possible additive relationship could exist between HIV infection and a history of METH dependence on CBF with a previous history of METH dependence having a larger contribution. Abnormalities in CBF could serve as a surrogate measure for assessing the chronic effects of HIV and previous METH dependence on brain function.
Introduction
Human immunodeficiency virus (HIV) quickly crosses the blood-brain barrier probably through a "Trojan horse" mechanism. Once inside the brain, HIV can trigger the release of a cascade of cytokines and chemokines that impair neuronal, astrocytic, and microglia function (Ances and Ellis 2007) . Changes in these mediators can alter brain function in HIV+ individuals causing diminished perfor-mance of activities of daily living, poor adherence to medication, and an increased proclivity to engage in dangerous behaviors (Ellis et al. 2002) .
Substance dependence is a common risk factor for HIV transmission. Methamphetamine (METH), a psychostimulant, has emerged as a major drug of abuse (Cherner et al. 2010) . A double epidemic has arisen as METH injection users have a greater risk of acquiring HIV (Flora et al. 2003; Scott et al. 2007 ). Both HIV and METH dependence could affect dopamine and glutamatergic transmission and lead to neuronal injury and death (Langford et al. 2004; Marshall et al. 1993; Stephans and Yamamoto 1994; Wang et al. 2004) . Each can independently produce neuropsychometric deficits in attention/ working memory, abstraction, episodic memory, and motor speed (Chana et al. 2006; Cherner et al. 2005; Scott et al. 2007) . However, only a few studies have investigated the possible interaction between HIV and a previous history of METH dependence (Chang et al. 2005; Jernigan et al. 2005; Taylor et al. 2007 ) especially within subcortical areas such as the lenticular nuclei (LN; putamen and globus pallidus).
Neuroimaging can provide a non-invasive technique to assess the impact of HIV and previous history of METH dependence on brain function. Differences in brain activation due to HIV serostatus have been mapped using blood oxygen level dependent (BOLD) functional magnetic resonance imaging (MRI; Ances et al. 2008b; Chang et al. 2001; Juengst et al. 2007 ). HIV+ individuals often recruit additional brain structures to meet functional demand (Chang et al. 2001 . However, the assumption that BOLD activity is a quantitative measure of underlying neural activity remains problematic (Buxton 2010) . In particular, the BOLD response reflects a cascade of physiological events and mediators that couple neural activity with changes in cerebral blood flow (CBF), cerebral blood volume, and cerebral metabolism. An accurate interpretation of possible observed differences in the magnitude of BOLD responses between HIV+ and HIV− subjects requires additional knowledge concerning both baseline and functional changes in CBF for a task. Resting CBF has been previously shown to be reduced by HIV infection (Ances et al. 2006 (Ances et al. , 2009 and chronic METH dependence (Chang et al. 2002) .
With the increasing application of neuroimaging to understand the pathopysiological changes associated with various disease states, a growing need therefore exists for assessing possible interactions between HIV and covariables such as METH. The current study assesses the separate and joint impact of HIV and previous history of METH dependence on CBF within the LN which is a dopaminergic-rich area that is often injured by each of these disorders.
Materials and methods

Subjects
A total of 71 participants (21-65 years old) were recruited for this study conducted at the University of California San Diego (UCSD) HIV Neurobehavioral Research Center. The Human Research Protections Program at UCSD approved this study. Written informed consent was obtained after each subject was presented a complete description of the study. Participants were recruited from community-based outreach programs at treatment facilities that focus on HIV infection and METH dependence.
Portions of the substance use disorders section of the structured clinical interview for DSM-IV (SCID; Spitzer et al. 1992) were administered in order to assess each participant's current and lifetime history of dependence on certain classes of substances of abuse (i.e., alcohol, marijuana, METH, cocaine, and hallucinogens). Participants were included within the METH dependence groups if they met the DSM-IV criteria for METH dependence at some point of their life (substance use at least ten occasions in any 1-month period; Robins et al. 1988) . All subjects with a previous history of METH dependence subjects were required to have a minimum of 2 months of self-reported abstinence prior to imaging (Simon et al. 2010) .
Individuals with METH dependence often have a history of utilizing other substances of abuse (Cherner et al. 2010) . Potential participants were excluded if they met the DSM-IV criteria for dependence on other substances of abuse (except marijuana and alcohol) unless such dependence was episodic in nature and occurred more than 1 year prior to scanning. The METH− groups consisted of participants who did not meet criteria for METH use disorders and were not habitual users. To ensure no recent use of any substances of abuse, we performed a urine toxicology screen (METH, cocaine, opiates, phenylcyclidine, and cannabis) prior to imaging with only subjects with a confirmed negative test imaged. Heavy substance use was defined by answering affirmative to at least three questions on the SCID for that particular substance (Spitzer et al. 1992) .
Participants with a history of head injury with loss of consciousness greater than 30 min, penetrating skull wound, head injury, or a history of neurological or psychiatric illness that could possibly affect finger tapping task performance (e.g., active seizure disorder, schizophrenia, and bipolar affective disorder with psychotic features) were also excluded. All HIV+ participants had no history of central nervous system opportunistic infection based on self-report, which was further confirmed after reviewing structural MRI scans (B.A).
Based upon these criteria, participants were stratified according to HIV serostatus (HIV+ or HIV−) and previous history of METH dependence (METH+ or METH−). All HIV+ subjects were either naïve to highly active antiretrovirals (HAART) or were on a stable regimen for at least 3 months prior to imaging. Blood HIV RNA viral load (VL), hematocrit, and CD4+ cell counts were obtained for HIV+ participants within 4 months of scanning. An ultrasensitive assay of plasma VL was determined by a reverse transcriptase-polymerase chain reaction (Amplicor®, Roche Diagnostic Systems, Indianapolis, IN, USA; lower quantification limits, <50 copies/mL). CD4+ cell count nadir was obtained by self-report or by direct measurement if the CD4+ cell count was lower than self-reported value.
fMRI parameters
Imaging was performed on a three Tesla whole body system (3T General Electric Excite, Milwaukee, WI, USA) using an eight-channel receive head coil. High-resolution structural images for anatomical evaluation were acquired as previously described (Ances et al. 2006 (Ances et al. , 2009 (Ances et al. , 2010 . The LN were chosen as they receive widespread input from cortical areas with their output directed towards the frontal lobes. Changes in CBF within the LN were determined for a complex finger tapping (2 Hz) functional activation task (Vafaee and Gjedde 2004) . Numbers in the center of the screen cued right hand finger pressing on appropriate keys of a four-button response box with a fixed motor sequence (2-4-3-5) used for all subjects (Fig. 1a) . Subject performance was observed to ensure compliance (Ances et al. 2010) . The stimulus frequencies were chosen to maximize activation within the LN (Allison et al. 2000; Kastrup et al. 2002) . A block design was used consisting of four activation periods (20 s in length) alternating with four rest portions (60 s in length). Each of the rest periods consisted on an isoluminant gray screen with a center fixation square. A single run consisted of 60 s of rest, followed by four cycles of task/rest, followed by an additional 30 s of rest. Each run was therefore 410 s in duration.
Based on previous imaging parameters (Ances et al. 2010; Perthen et al. 2008a, b; Restom et al. 2008) , CBF measurements were obtained by arterial spin labeling (ASL). Four axial slices, that included the LN, were acquired in a linear fashion from bottom to top. During all scans, subjects had constant physiological monitoring including pulse oximetry and respiratory excursions.
Data analysis of fMRI
Analysis was performed as previously described (Ances et al. 2008a) . Briefly, images were co-registered with corrections performed for possible subject movement (Chiarelli et al. 2007; Perthen et al. 2008a ). The LN were manually traced in an axial view and edited in sagittal and coronal views. Anatomical images were resampled to match functional images. A general linear model (GLM) was used to identify changes in CBF within clusters of voxels within the LN mask using an overall significance threshold of p=0.05 applied to the first echo data (Mumford et al. 2006; Restom et al. 2008) . A stimulus-related regressor was obtained by convolving a box car response with a gamma density function (Boynton et al. 1996) . Cardiac and respiratory fluctuations were included as both constant and linear terms and used as nuisance regressors. Pre-whitening was performed using an autoregressive model (Burock and Dale 2000) . Correction for multiple comparisons was performed using AlphaSim (Cox 1996) .
A CBF time series was first computed by taking a running subtraction of the control and tag image series. Each data point was calculated from the difference between that value and the average of the two nearest neighbors in time with adjustments made in the sign so that each point represents a subtraction of tag from control images. Mean changes in CBF for the functional stimulus were averaged from voxel time courses within the LN after removal of the physiological noise components estimated from the GLM. For the functional task, all runs were concatenated with both linear and quadratic drifts removed (Restom et al. 2008) . Fractional changes in CBF for the functional stimulus were calculated as the average over a 15-s period starting at the midpoint of each stimulus presentation, approximating the plateau portion of the response ( Fig. 1b ; Ances et al. 2010; Perthen et al. 2008a, b) .
To determine the change in CBF (ΔCBF) for the functional task, fractional changes in CBF for the functional task were multiplied by the corresponding mean baseline perfusion in the same voxel. Total absolute functional changes in CBF with activation were determined by adding ΔCBF to the baseline CBF. The LN volume of each participant was obtained from the number of voxels within manually traced regions and expressed in cubic millimeters (e.g., 1 voxel=1 mm 3 ; Ances et al. 2006; Cohen et al. 2010 ). Due to inhomogeneities in the coil sensitivity profile, the CBF time series from the baseline scan were corrected from the smoothed minimum contrast images (Wang et al. 2005) . CBF values were converted to physiological units (mL/ 100 gm/min) using the CSF image as a reference signal to determine the fully relaxed magnetization of blood (Chalela et al. 2000) . The mean baseline CBF was averaged over all time points within activated LN voxels.
Statistical analysis
Baseline characteristics were compared amongst the four groups using Chi-square tests (for dichotomous variables) and analysis of variance (ANOVA) F tests (for continuous variables). A multiple regression analysis of covariance (ANCOVA) assessed the association of HIV serostatus and previous history of METH dependence on CBF values (baseline CBF, fractional changes in CBF for the functional task, and total functional changes in CBF for the task). CBF values were log 10 -transformed to improve normality and back-transformed to the natural scale for plotting and reporting. The ANCOVA model initially included HIV, previous history of METH dependence, and their two-way interaction. If the two-way interaction between HIV and previous history of METH dependence was not statistically significant (i.e., Wald test, p>0.05), the interaction term was removed, and only the main effects of HIV and METH were considered. In order to control for possible effects of age on CBF, a continuous term for age was added to the model, if statistically significant (Wald test, p<0.05). For the final model, effect sizes for HIV infection and previous history of METH dependence (and 95% confidence intervals) were computed as differences between groups as multiples of the standard deviation of the outcome.
Results
Demographic variables of participants
All subjects tolerated the scanning session with no differences seen in movement during scanning for any of the groups. No significant distinctions in age and sex were observed amongst the four groups (Table 1) . Many of the HIV+ participants were on highly active antiretroviral therapy (HAART; 62%) with the HIV+ group overall having a median CD4+ cell count of 525 cells/μL and median CD4+ cell count nadir of 302 cells/μL. HIV+ participants had been infected for on average for 6 years.
Subjects with a previous history of METH dependence (both HIV+ and HIV−) had been using this drug frequently in the past. METH was the preferred drug of choice by these participants. The four participant groups were compared on differences between rates of past alcohol, marijuana, cocaine, and hallucinogen use according the SCID (Spitzer et al. 1992) . METH+ subjects had a greater lifetime history of alcohol (p< 0.006) and marijuana (p<0.003) dependence, but not cocaine or hallucinogens.
Effects of HIV and METH dependence on baseline CBF Baseline CBF was significantly greater for the HIV−/ METH− group compared to all other groups (p =0.006; Fig. 2a ). HIV infection (independent of METH dependence) was associated with a mild reduction in baseline CBF, but did not reach statistical significance (−10%, p= 0.07). No correlations existed between baseline CBF and current blood CD4+ cell count (r 2 =0.058) or current plasma viral load (VL; r 2 = 0.002) for all of the HIV+ participants (both HIV+/METH and HIV+/METH−). Similar results were seen for CD4+ cell count nadir (data not shown). A previous history of METH dependence (independent of HIV serostatus) was associated with a lower baseline CBF (−16%, p = 0.007). Duration of METH dependence did not correlate with baseline CBF (r 2 =0.022).
Effects of HIV and METH dependence on CBF changes for a functional task
Reproducible CBF time series data were obtained for each subject. The time series for measured CBF changes was averaged across cycles to determine the average fractional changes in CBF for the functional stimulus. HIV−/METH− subjects had significantly smaller fractional changes in CBF for the functional task compared to other groups (p=0.002; Fig. 2b ). Both HIV positive status (+32%, p=0.01) and a previous history of METH dependence (+33%, p=0.02) were associated with larger fractional changes in CBF for the functional task (Table 2) . No correlation existed between changes in CBF for the functional task and current blood CD4+ cell count (r 2 =0.003) or plasma VL (r 2 = 0.005) for HIV+ subjects. Similar results were seen for nadir CD4+ cell count (data not shown). Duration of METH dependence was not correlated with changes in CBF for the functional task (r 2 =0.004). Overall, no significant differences in absolute functional changes in CBF for the task (p=0.38) were seen across groups (Fig. 2c) .
Effects of HIV and METH dependence on absolute LN volume
We also examined if observed differences in CBF could be attributed to changes in LN volume. No significant differ- ences were seen amongst groups (p=0.20; Fig. 2d ). Both HIV positive status (+2%, p=0.83) and previous history of METH dependence (+8.9%, p=0.37) were not associated with significant changes in LN volume (Table 2) .
Interaction between HIV and METH dependence for each fMRI measure
We also investigated if an interaction (either additive or synergistic) was present between HIV status and a previous history of METH dependence. In our model, the effect of the factor is the difference between groups, e.g., between
METH+ and METH−, after controlling for HIV status, and age when appropriate. An observed negative difference in the absolute changes in CBF due to METH+ indicates that the means in the METH+ group were lower than in the METH− group, within each HIV status. A similar result was also seen for HIV for absolute changes in CBF ( Table 2 ). The lack of a significant interaction between HIV and METH for each of the neuroimaging variables suggests that the effects of METH and HIV on the outcome are additive for CBF. Similar results were seen for changes in CBF for the functional task (p=0.10) and absolute LN volume (p=0.76; Table 2 ). For each fMRI parameter, a The T-shaped lines that extend from each end of the box represent the minimum and maximum of all the data larger contributory effect was due to a previous history of METH dependence compared to HIV serostatus.
Discussion
This study demonstrates that both HIV infection and previous METH dependence affect CBF. HIV+/METH+ participants had significantly lower baseline CBF and higher fractional changes in CBF for the functional task compared to HIV−/METH− subjects. It is interesting, though, that there was no significant group difference in absolute functional CBF changes for the task, suggesting that reduced fractional changes in CBF could be largely due to a reduced baseline CBF value. These observations in the absence of absolute volumetric changes (Ances et al. 2006) could suggest neuronal dysfunction in the LN, which is an area containing dopaminergic nerve terminals. The lack of absolute LN volumetric changes for HIV+/ METH+ participants is in good agreement with a previous morphometric study (Jernigan et al. 2005) . While HIV can lead to volume reduction (Ances et al. 2006; Cohen et al. 2010) , METH dependence has been shown to cause an expansion in the same areas such that they may cancel each other. HIV+/METH+ participants may therefore have similar values to HIV−/METH− subjects. The exact etiology as to how METH causes an increase in volume remains poorly understood, but a previous study using an animal model suggests aberrant dendritic sprouting (Takaki et al. 2001 ). We observed a small but non-significant increase in the absolute LN volume for HIV+/METH+ subjects. The broader variability seen in HIV−/METH− subjects may reflect differences in gender proportion amongst groups with males typically having larger head sizes than females.
HIV−/METH+ individuals had lower baseline CBF and greater fractional changes in CBF for the functional task compared to HIV−/METH− subjects. Observed values for baseline CBF within HIV−/METH− subjects were similar to those seen within a comparable group using a gold standard for measurement of CBF-single photon emission tomography (SPECT; Osawa et al. 2004) . Acute METH exposure can increase dopamine release and impair vascular compliance leading to hemorrhages and strokes (Westover et al. 2007 ). However, chronic METH dependence can also deplete dopamine pools (Bamford et al. 2008 ) at the synapse. This could lead to a decrease in dopamine transmission levels at rest causing a subsequent reduction in both metabolic demands and baseline CBF. Observed baseline CBF decreases for HIV−/METH+ participants are less likely to be of vascular etiology as >70% stenosis of tagged feeding arteries must occur before collateral autoregulation cannot compensate for CBF reductions (Bokkers et al. 2009 ). Typically, these changes in CBF are seen after more (Chang et al. 2007; Wang et al. 2004) . Observed reductions in baseline CBF within HIV+ participants are similar to previous reports by our group and others (Ances et al. 2006 (Ances et al. , 2009 Chang et al. 2000; Pohl et al. 1988) . HIV has a predilection for the LN with VL greatest in this area (Fujimura et al. 1997) . The exact etiology as to why the LN is preferentially affected by HIV remains unknown but may be due to its close proximity to the ventricles and/or its high metabolic demands and sensitivity to small perturbation in metabolic activity (Ances et al. 2006) . At autopsy, multinucleated giant cells, microglial nodules, and infiltrating macrophages are often observed within the LN (Nath et al. 2001; Navia et al. 1986 ). Our results could suggest that neuronal injury may continue to persist despite relatively good virological control (Kumar et al. 2009 ).
An additive effect of HIV infection and previous METH dependence has previously been observed with neuropsychological performance testing (Rippeth et al. 2004 ). Neuropsychological impairment rates rise with increasing number of risk factors. HIV+/METH+ participants have the greater prevalence of impairment in multiple domains compared to a single domain deficit (54% vs. 44%, χ 2 = 18.11, p<0.0001; Carey et al. 2006 ). Similar results have been seen with neuroimaging, especially magnetic resonance spectroscopy (Chang et al. 2005) . This is the first study to use ASL to study the possible interaction between HIV and METH.
While the exact mechanism(s) responsible for neuronal dysfunction due to HIV and METH dependence remain unknown, common overlapping pathways may exist leading to observed changes (Langford et al. 2004) . METH can cause a breakdown of the blood-brain barrier allowing for a greater trafficking of HIV infected monocytes into the brain (Ramirez et al. 2009 ). Both HIV and METH dependence can induce oxidative stress and mitochondrial dysfunction causing dopaminergic dysfunction. Abnormal neuronal function could lower resting metabolic requirements therefore leading to a decrease in coupled baseline CBF. However, for a task, larger compensatory requirements result in greater fractional changes in CBF for the functional task. Regardless of HIV status or history of METH dependence, the same final level is reached such that in the absolute CBF levels during activation are similar. Simply looking only at the reduced fractional CBF response, one could jump to the conclusion that an altered acute response likely represents an alteration in the subject's ability to do the task. Instead, similar absolute CBF changes during the task could reflect unchanged ability to do the task. Observed difference may instead reflect the chronic effect of the disease on baseline CBF.
This study has a number of limitations. While we primarily focused on the possible effect of prior METH dependence in HIV+ and HIV− participants, we could not exclude participants based on marijuana or alcohol use as a considerable overlap exists within METH+ individuals. A significantly higher proportion of the METH+ subjects had used marijuana and alcohol heavily in the past. While this prevents us from directly ascribing our results to METH dependence alone, the inclusion of these subjects provides a more representative sample of METH users encountered in clinical settings. In an attempt to control for the possible short-term effects of substances of abuse, urine toxicology was performed prior to scanning with subjects excluded if the test was positive. In addition, other substances, such as nicotine use (Fama et al. 2009; Rosenbloom et al. 2007 ), were not controlled. A complex relationship has previously been seen for nicotine where recent smoking can lead to an increase in baseline CBF in the visual cortex and the cerebellum but a reduction in baseline CBF within the hippocampus and striatum (Domino et al. 2000; Zubieta et al. 2005) . Future studies investigating the effects of nicotine on baseline CBF using ASL are required. In addition, the main effect associated with a previous history of chronic METH dependence is based on a relatively small group of HIV−/METH+ subjects compared to all other groups. While the small sample size somewhat tempers the generalizability of our results, significant differences were seen. Larger studies are warranted. It remains possible that observed decreases in baseline CBF seen with a previous history of METH+ dependence may not result from excessive stimulant exposure but instead could reflect increased susceptibility of these individuals to develop substance dependence. The effect of developmental abnormalities that preceded METH dependence cannot be ruled out. Within our HIV+ cohort, viral replication was relatively well suppressed (log plasma VL=2.36). We would expect that even greater adverse impact by HIV on baseline CBF would be seen for HIV+ participants with poorly controlled HIV replication. Our study has only focused on a single brain region that is highly susceptible to both HIV and METH. Future studies could include additional brain regions that are commonly affected by either METH dependence or HIV infection. Finally, only a limited number of slices were prescribed to ensure coverage of the LN. Future studies with whole brain coverage using ASL could be considered. A relative strength of this study was that in vivo quantitative measurements of the effects of HIV and METH dependence were obtained. For both baseline and a functional activation paradigm ASL measurements of CBF provided three quantitative measures (absolute baseline CBF, percent CBF change for a task, and absolute CBF during activation) compared to BOLD imaging where a single value is acquired (%BOLD for a task). Our study demonstrates that abnormalities in CBF could be a sensitive measure to study the effects of HIV and METH dependence in the brain.
